al., 2012; Wei et al., 2012) . Collectively, these data demonstrate that the Wnt/β-catenin pathway can interact with TGF-β signaling to mediate fibrosis.
Here, we show that skin affected by localized scleroderma (morphea) has an increased percentage of nuclear β-catenin-positive dermal fibroblasts compared to healthy control skin in papillary (n=4, p=0.04; Figure 1a ,c) and reticular dermis (n=1; Figure 1b ,c). This finding, which to our knowledge is previously unreported, is consistent with the recent observation of increased nuclear β-catenin in dermal fibroblasts of patients with systemic sclerosis (Beyer et al., 2012; Wei et al., 2012) . Thus, our data contribute to the growing body of evidence that supports a common role for β-catenin activity in dermal fibroblasts across multiple fibrotic skin diseases.
On the basis of this observation, we investigated the sufficiency of sustained dermal fibroblast beta-catenin activity for fibrogenesis. We used the tamoxifen-dependent HoxB6Cre (HoxB6Cre-ER T1 ) line to conditionally activate the R26R-YFP lineage tracer and remove exon 3 of endogenous β-catenin (β-catenin stab/+ ), resulting in the stabilization of β-catenin in ventral dermal fibroblasts (Harada et al., 1999; Srinivas et al., 2001; Nguyen et al., 2009) . Pregnant mice carrying control HoxB6Cre-ER T1 /+; R26R-YFP/+ and HoxB6Cre-ER T1 /+; R26R-YFP/+; β-catenin stab/+ conditional mutant embryos were given one dose (3mg/40g body weight) of tamoxifen at E15.5, E16.5, or E17.5 to induce expression of stabilized β-catenin and YFP. YFP-positive recombined cells contributed to fibroblasts in the dermis and hypodermis and not to epidermis, skeletal muscle, adipose, or endothelial lineages in postnatal ventral skin (Figure 2a , data not shown). HoxB6Cre-ER T1 ; R26R-YFP; β-catenin stab/+ mutant cells showed a morphology consistent with fibroblasts in the dermis and the hypodermis until the latest time point analyzed (P50; Figure S1a ).
HoxB6Cre-ER T1 /+; R26YFP/+; β-catenin stab/+ mutant skin displayed a progressive increase in relative thickness of the mutant dermis and hypodermis compared to HoxB6Cre-ER T1 /+; R26YFP/+ control skin. While the thickened mutant dermis appeared histologically similar to age-matched controls, the mutant hypodermal tissue was characterized by invasion of adjacent subcutaneous muscle and adipose tissue by cords of spindle-shaped cells (Figure 2b and S1b). Measurements of mutant skin sections showed 1.4-fold thicker dermis and dramatic 3.8-fold expansion of hypodermal thickness compared to littermate controls ( Figure 2c ). There was a significantly greater percentage of nuclear β-catenin positive fibroblasts in mutant dermis and hypodermis compared to control dermis (Figure 2d and S1c). Fibroblast proliferation was significantly increased in mutant hypodermis compared to the control and mutant dermis (Figure 2e ).
We next proceeded to characterize the thickened dermis and hypodermis in the activated β-catenin mutant skin. Quantification of collagen by hydroxyproline assay demonstrated 2.3-and 1.8-fold increases in collagen content of mutant skin at P50 and P100, respectively (Figure 2f ). Accordingly, collagen accumulation was apparent in the mutant dermis and hypodermis by Masson's trichrome stain (Figure 2g ). CTGF/CCN2, a marker of fibrosis (Holmes et al., 2001) , was expressed by dermal and hypodermal fibroblasts of P21 control and mutant skin, and was higher in the expanded mutant hypodermis (30.9 ± 8.7% of fibroblasts) compared to the overlying dermis (17.8 ± 5.1%; p=0.01) (Figure 2h ). While there was no significant difference in the quantity or appearance of blood vessels between P50 control and mutant dermis (quantification not shown), there was a pronounced absence of blood vessels in the thickened mutant hypodermis by MECA-32 immunohistochemistry (Figure 2i ).
In conclusion, taken together with previous observations in other fibrotic skin diseases, increased nuclear β-catenin immunoreactivity in skin affected by localized scleroderma strongly suggests a pro-fibrotic role for β-catenin in dermal fibroblasts. Our in vivo model of activated β-catenin in skin fibroblasts holds important implications for several human diseases that involve skin fibrosis, and our findings are consistent with recent studies (Akhmetshina et al., 2012; Beyer et al., 2012; Wei et al., 2012) . We have shown that restricted constitutive activation of β-catenin in a subset of mouse skin fibroblasts is sufficient for spontaneous, progressive thickening of hypodermis and dermis accompanied by increased cell proliferation. In particular, the increased percentage of proliferating and CTGF-expressing fibroblasts in the hypodermal region compared to the overlying dermis of the activated β-catenin mutant skin demonstrates that β-catenin activity in a distinct subpopulation of fibroblasts can substantially contribute to an overt skin fibrosis phenotype. This finding expands upon previous studies that have suggested a role for Wnt/β-catenin in the hypodermis of fibrotic skin (Akhmetshina et al., 2012; Bayle et al., 2008; Wei et al., 2011) . Additional studies are required to determine the genetic interactions between β-catenin and other pro-fibrotic signaling pathways during the development of β-catenindependent skin fibrosis. We will utilize the activated β-catenin model to define interactions between β-catenin and other important mediators of fibrosis like TGF-β/Smad2/3, CTGF, PTEN, and MAPK/ERK and to identify target genes that functionally mediate the profibrotic effects of β-catenin activation. Ultimately, these studies will be critical for developing novel therapeutic approaches to prevent and treat fibrotic skin diseases.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Nuclear β-catenin immunoreactivity in skin affected by localized scleroderma. Brightfield immunohistochemistry using anti-β-catenin antibody (BD Bioscience, 1:100) was performed on sections of affected skin from 4 localized scleroderma patients and normal skin from 4 healthy controls. 
